Land-Ocean Differences
Total primary productivity in the oceans [48.5 Gt C/y net primary production (NPP)] is similar to that on land (56.4 Gt C/y NPP), even though the oceans have more than twice as much surface area (2). However, despite similar total primary productivity, Bar-On et al. (1) estimate that there is roughly 80 times more biomass on land than in the oceans. Terrestrial plants-which comprise ∼80% of the total biomass on Earth-make up most of this difference. In striking contrast to the land's dominance of producer biomass, Bar-On et al.
(1) estimate that more than 70% of global animal biomass is found in the ocean. Earth has a plantdominated landscape and an animal-dominated seascape. What could explain these fundamental differences?
The lower productivity of the ocean per unit area is due largely to poorer light penetration in water (2).
Across marine and terrestrial environments, higher local productivity has been shown to be associated with higher local producer-to-consumer ratios and higher local biomass per unit productivity (3). Thus, it is not surprising that marine environments-which are less locally productive, on average-have less overall biomass and a higher proportion of consumers than terrestrial environments. Given Bar-On et al.'s (1) estimate that consumers make up >80% of marine biomass and producers make up >95% of terrestrial biomass, the sheer magnitude of the difference they estimate between total marine biomass and total terrestrial biomass can be largely explained by the energetic inefficiency of food chains.
Mechanistically, several factors might explain why biomass concentrates in marine consumers but terrestrial producers. One key contributor is the contrasting patterns of energetic efficiencies of marine versus terrestrial food chains. On average, about 10% of energy is transferred from one trophic level to the next in the ocean across all trophic levels (4), whereas on land herbivores assimilate as little as 1% of primary production (5) . This order-of-magnitude difference arises mostly because evolution has favored woody and stem structures in plants (6) to help them rise above their competitors for light in the absence of water's buoyancy. These structures are heavy, relatively inaccessible to consumers, and make up the bulk of terrestrial plant biomass (1). Woody terrestrial plants also have slow turnover, meaning that their standing biomass represents the accumulation of years to decades of primary production, compared with much shorter timescales in ocean producers. Ocean currents make limiting nutrients highly mobile in the oceans (7), which selects for fast turnover-and thus small sizeamong producers and other sessile organisms.
Marine environments have higher trophic transfer efficiencies and larger predator-to-prey body size ratios, which theory predicts should lead to more top-heavy trophic pyramids (4). The much faster turnover, and more accessible carbon stores, of plankton compared with terrestrial plants makes the transfer of energy between producers and consumers much more efficient in aquatic systems (5) . This may explain why Bar-On et al.
(1) estimate marine consumer biomass is especially concentrated in basal consumers such as krill, other arthropods, mollusks, and cnidarians. The greater prevalence of ectothermy among marine animals may also increase the efficiency of marine, relative to terrestrial, food chains. Factors explaining the larger predator-to-prey body size ratios in the oceans may include (i) buoyancy, which reduces gravitational pressures on large-sized animals and increases the body sizes that optimize movement speed (8) ; and (ii) the fact that endothermy limits the size of terrestrial mammals (9) but may select for larger body sizes in marine mammals due to thermoregulation challenges (10) .
Although some of the estimates that highlight the striking contrasts between land and sea biomes are highly uncertain (1), the stark qualitative differences between biomass distributions on land and in the sea that are described by Bar-On et al.
(1) resonate with these differences in the environmental characteristics that shape the ecology and evolution of food webs in these systems. Looking forward, Bar-On et al.'s (1) land-sea contrasts raise the question of how these fundamental ecosystem differences will interact with different looming threats from future climate change [e.g., changing water distributions on land versus acidification and altered current dynamics in oceans (e.g., see ref. 7) ] to reshape the alternative scales of life on land versus in the sea.
The Interacting Scales of Life and Humanity
Bar-On et al.
(1) estimate that humans and human livestock combined now make up ∼8% of total animal biomass and roughly a quarter of terrestrial animal biomass (Fig. 1A) . This measure underestimates this component of the human biomass footprint, because it ignores the animal biomass in aquaculture. Froehlich et al. (11) estimate that the biomass of animal aquaculture is about 14% as large as that of livestock (thus ∼0.014 Gt C, assuming similar average carbon content) and growing rapidly. Although these numbers represent only one type of human impact on global biomasses, they underscore the unprecedented scale of humanity today and raise the question of what scales of humanity and human activity can be supported sustainably by the planet's ecosystems. Climate change compounds the urgency of these questions, and, indeed, the differences Bar-On et al.'s (1) analysis highlights between marine and terrestrial environments may be important for understanding the different challenges these environments will face under future climates.
In addition to consuming cultivated biomass from agriculture and aquaculture, humans also consume biomass through logging, fishing, hunting, land clearing, anthropogenic fires, and other forms of consumption. Haberl et al. (12) estimate that this all adds up to an annual terrestrial harvest of about 15.6 Gt C-equivalent to roughly 3% of Bar-On et al.'s (1) estimate of total terrestrial biomass, and roughly 25% of terrestrial NPP. Watson et al. (13) estimate that the demands of global fisheries are equivalent to ∼6.3 Gt C/y, which is ∼13% of marine NPP (Fig. 1A) . The primary production demands of fed aquaculture are partly accounted for in these numbers via feeds from wild fisheries and agriculture, but demands from unfed aquaculture (e.g., kelp, shellfish, some carps) would be additional and possibly substantial. In both terrestrial and marine systems, the increasing human appropriation of global primary production has put disproportionate ecological pressure on other energy-intensive forms of life, namely large-bodied animals and top predators. Extinction of megafauna and widespread trophic downgrading have marked human history (14, 15) and are likely to continue as the scale of humanity continues to expand.
Moreover, the scale of humanity is supported not only by current primary production and biomass stores. It is also largely supported by consumption of fossil fuels, which are produced over hundreds of millions of years from degraded biomass (15) . Annual global consumption of fossil fuel energy is currently ∼0.48 ZJ (16) (1 ZJ = 10 21 J = 2.78 × 10 5 TWh), which converts-based on CO 2 emissions and oxidation rates (17)-to ∼10.3 Gt C. Thus, through biomass consumption and fossil fuel use, the combined scale of human carbon appropriation and consumption might be ∼30% as large as total NPP (Fig. 1A) . The magnitude of economically recoverable fossil fuel reserves is uncertain (15) For fossil fuel reserves, 1,500 Gt C is shown, which is the midpoint of the IPCC's approximate range (18) . B shows the changes in energy consumption from photosynthetic (biomass and fossil fuels) and nonphotosynthetic (nuclear and renewables) sources over the last ∼50 y (data from ref. 16) , as well as the carbon (from energy, cement production, and flaring) and energy intensities of the global economy (gigatons of CO 2 /2011 international dollars, and zettajoules/2011 international dollars, respectively; both shown as a fraction of their 2010 value) over the same period (data from refs. 16, 17, and 19) .
at ∼1,000-2,000 Gt C in 2011 (table 2.2 in ref. 18 ). This would make annual fossil fuel consumption ∼0.5-1% of reserves, although reserves are likely to grow as technology improves. Energy use from nonphotosynthetic sources (nuclear, hydro, wind, solar, and other renewables) is increasing but is still a relatively small fraction (<6%) of global primary energy use (16) . Historical economic growth-and the resulting improvements in living standards-has been tightly coupled to energy use, and the global economy's current energy and carbon footprints are unsustainable (15, 18) . However, the energy and carbon intensities of the global economy have actually been decreasing steadily for the past several decades (Fig. 1B; calculated from refs.  16, 17, and 19) , likely due to factors such as urbanization, technological improvement, increases in the size of the service sector, and-more recently-increases in renewable energy use. How much economic growth can be sustainably supported in the long term is a topic of active debate.
The food system-the other major source of human appropriation of primary production-also faces stark sustainability challenges. Climate change is likely to pose significant challenges to both land and ocean food-production systems, unique in each system (e.g., refs. 7 and 18). However, recent studies (e.g., refs. 11 and 20) suggest that, through interventions such as shifting diets, reducing waste, and increasing the role of aquaculture in meeting demands, the food system could become substantially less carbon intensive while actually increasing living standards by improving human health outcomes.
Bar-On et al.'s (1) analysis makes many assumptions, comes with considerable uncertainty, and raises more questions than it answers. Nonetheless, its elegance lies in its asking a broad and important question, and answering this question using the most rigorous approaches currently available. Science spends much of its time in the trees, and rightly so. Richness and precision are the lifeblood of science. However, as global sustainability challenges increase in urgency and societies become ever more interconnected, analyses like Bar-On et al.'s (1) remind us of the importance of periodically stepping back to survey the forest.
